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Although the hepatitis delta virus genome contains multiple open reading frames, only one of these reading
frames is known to be expressed during replication of the virus. This open reading frame encodes two distinct
molecular species of hepatitis delta antigen (HDAg), p24® and p27°, depending on the location of the stop codon
which terminates translation. We found antibody specific for p27® to be capable of precipitating p24® in
extracts of infected liver, indicating that p27®> and p24® form heterologous complexes in vivo. After
cross-linking with 0.05% glutaraldehyde, specific HDAg dimers were detected in antigen prepared from both
the liver and serum of an HDV-infected woodchuck carrier of woodchuck hepatitis virus. Guanidine
HCl-denatured HDAg extracted from liver and dialyzed against phosphate-buffered saline sedimented in
rate-zonal sucrose density gradients as 15S multimeric complexes. These 15S multimers were stable in the
presence of 1.2% Nonidet P-40. After RNase digestion, the 15S complex was reduced to a 12S complex without
associated RNA, while boiling for 3 min in 1% sodium dodecyl sulfate-0.5% 2-mercaptoethanol further
reduced the 15S complex to 3S HDAg monomers. In the absence of glutaraldehyde cross-linking, HDAg
extracted from liver migrated as monomer species in reducing and nonreducing gels, suggesting that the
conserved cysteine residue present in p27° does not play a role in the formation of either dimers or multimers.
On the other hand, an amino-terminal chymotrypsin-digested HDAg fragment, with a predicted length of 81
or less amino acids, retained the ability to form dimers, consistent with the hypothesis that a coiled-coil motif

present between residues 27 and 58 may play a role in HDAg protein interactions in vivo.

Hepatitis delta virus (HDV) is a defective satellite virus
which is capable of replication only in the presence of a
coinfecting hepadnavirus such as hepatitis B virus (14,
17-19). The HDV particle is 36 nm in diameter and contains
a circular single-stranded RNA genome of about 1,680 bases
in length in association with two closely related viral pro-
teins, p24® and p27® (7, 12, 24, 25). Although multiple open
reading frames (ORFs) are present within the sequences of
both genomic and antigenomic HDV RNAs, these two
molecular forms of the hepatitis delta antigen (HDAg) are
encoded by the same ORF and represent the only viral
proteins known to be expressed during virus replication (22,
26). p27° differs from p24® in having a 19-residue carboxy-
terminal extension and is encoded by RNAs in which UAG
(termination) at codon 196 of this ORF has undergone
mutation to UGG (Trp) (10). Available evidence suggests
that p24® is necessary for replication of HDV RNA, while
p27® down-regulates RNA replication and may specifically
mediate HDV particle assembly (3, 5, 20, 21). Only viral
RNAs encoding p24® appear to be infectious, but mutation at
codon 196 with subsequent expression of p27° occurs regu-
larly during HDV replication and may be an important
regulatory mechanism (10).

The mechanism by which p24® supports replication of the
viral RNA remains unclear, although it may play an impor-
tant role in directing transport of the viral RNA to the
nucleus where replication occurs (27). Previous work exam-
ining the stoichiometry of the dominant negative regulatory
effect of p27° on RNA replication suggests that p27° might
function as part of a multimeric complex, as p27° was able to
exert a down-regulating effect even when p24® was present in
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a 20-fold molar excess (5). This hypothesis is further sup-
ported by the demonstration that polypeptides expressed
from segments of the HDAg OREF in vitro were capable of
forming dimers (8). In this report, we present data that
indicate that HDAg is naturally present as dimers in vivo and
that specific multimeric aggregates of HDAg assemble after
removal of guanidine HCI from crude, nonpurified, dena-
tured liver-derived antigen. Furthermore, we show that
dimerization of HDAg is mediated through the amino-termi-
nal 81 residues of this protein, which contain a conserved
coiled-coil structural motif.

MATERIALS AND METHODS

Anti-HDV sera. Human anti-HDV serum was collected
from a patient with classical hemophilia and chronic HDV
infection. Antipeptide antisera were collected from guinea
pigs and rabbits immunized with synthetic peptides corre-
sponding to various segments of the large HDAg molecule
(Makino sequence 12) (Table 1). For use in immunization,
these peptides were conjugated to keyhole limpet hemocya-
nin as described previously (22).

HDAg. Liver and serum were collected from a woodchuck
carrier of the woodchuck hepatitis virus which was experi-
mentally infected with HDV in collaboration with John
Cullen of the College of Veterinary Medicine, North Caro-
lina State University. For extraction of HDAg from infected
woodchuck liver under denaturing conditions, 1 g of liver
tissue was homogenized in 3 ml of 6 M guanidine-HCI and
then dialyzed against phosphate-buffered saline (PBS) over-
night at 4°C (2). After centrifugation at 2,000 x g for 20 min,
the supernatant was stored in aliquots at —70°C. This
procedure does not result in purification of the HDAg from
other liver proteins. Serum (1.0 ml) taken from an acutely
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TABLE 1. Synthetic HDAg peptides used for production of
antipeptide antibodies®

. HD
Peptide resi dﬁegs Sequence
D5/58-78 58-78 C-IGKKDKDGEGAPPAKKLRMDQ
D5/82-102 82-102 C-DAGPRKRPLRGGFTDKERQDH
D5/123-143 123-143 C-SREEEEELKRLTEEDEKRERR
D5/156-184 156-184 C-EGGSDGAPGGGFVPSMQGVPGSPFARTGE
D5/197-211 197-211 DILFPADPPFSPQSC

2 See also reference 22.

superinfected woodchuck (WC 643) was layered over an
11-ml cushion containing 20% sucrose in 0.02 M HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (pH
7.4)-0.01 M CaCl,-0.01 M MgCl,—0.1% bovine serum albu-
min and centrifuged for 5 h at 15,000 X g in an SW40 rotor.
Pelleted HDAg was resuspended in distilled water and
stored at —70°C until use.

Immunoprecipitation of HDAg. HDAg derived from wood-
chuck liver was preincubated with protein A-Sepharose
(Sigma) for 30 min at 4°C and then centrifuged for 5 min at
14,000 rpm in an Eppendorf microcentrifuge. The superna-
tant fluid (50 pl) was incubated for 60 min at 4°C with 7 pl of
rabbit antipeptide serum diluted 1:100 in NTE buffer (50 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 0.1% Nonidet P-40 [NP-
40], 1 mM EDTA, 0.25% gelatin, 0.02% sodium azide).
Protein A-Sepharose (8 mg in 750 pl) was added to the
antigen-antibody mixtures, and the incubation continued for
60 min at 4°C with agitation. The tertiary HDAg-antibody-
protein A-Sepharose complex was pelleted by centrifugation
for 5 min in the microcentrifuge. The pellets were washed
three times in washing buffer (10 mM Tris-HCI, 0.1% NP-40)
for 10 min with gentle agitation. Pelleted complexes were
resuspended in distilled water and stored at —70°C until
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblot analysis.

Rate-zonal centrifugation of HDAg complexes. Linear su-
crose density gradients (10 to 30% [wt/vol]) were prepared in
a buffer containing 20 mM Tris-HCI (pH 7.4), 150 mM NaCl,
and 1 mM EDTA. HDAg (100 pl) extracted from liver tissue
was mixed with 30 pl of human anti-HDAg-negative serum
containing marker immunoglobulins and loaded on the top of
the gradient before centrifugation for 18 h at 35,000 rpm in an
SW41 rotor. Fractions were collected from the bottom of the
gradients and tested for HDAg by radioimmunoassay or by
SDS-PAGE followed by immunoblotting.

Glutaraldehyde cross-linkage of HDAg. HDAg was cross-
linked by treatment with 0.04 or 0.05% glutaraldehyde for 2
or 5 min. Antigen extracted from infected woodchuck liver
was directly cross-linked, while HDAg derived from serum
was incubated with 0.3% NP-40 overnight at 4°C before
treatment with glutaraldehyde. Cross-linkage was stopped
by the addition of an equal volume of 2x Laemmli sample
buffer (0.125 M Tris-HCI [pH 6.8] 2% SDS, 10% glycerol, 1%
2-mercaptoethanol). After boiling for 5 min, the cross-linked
proteins were separated by 12 or 15% PAGE-SDS and
transferred to either nitrocellulose paper or Immobilon-p
transfer membranes (Millipore) for immunoblot analysis.

Chymotrypsin digestion of HDAg. Liver-derived HDAg
was digested with various concentrations of chymotrypsin in
PBS for 30 min at 37°C. Digestion was stopped by adding an
equal volume of 2x Laemmli buffer and then boiling for 5
min.

Detection of HDAg by radicimmunoassay. HDAg was
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detected by a microtiter solid-phase radioimmunoassay
modified from that described by Rizzetto et al. (19). Flexible
polyvinyl chloride microtiter plate wells were coated for 2 h
at 37°C with 100 pl of a human anti-HDAg-positive serum
(AMO084) diluted 1:4,000 in 50 mM carbonate buffer (pH 9.6),
washed with PBS containing 0.05% Tween 20 (PBS-T), and
loaded with 60 ul of test material (sucrose gradient fractions
diluted 1:2 in PBS containing 10% fetal calf serum). After
incubation overnight at room temperature, the plates were
rewashed with PBS-T and incubated for 4 h at 4°C with 60 .l
of ®I-labelled immunoglobulin G (IgG) (50,000 cpm) (23).
After further washing, the individual wells were cut from the
plate, and bound radioactivity was measured in an automatic
gamma scintillation counter.

Immunoblot detection of HDAg. Immunoblot detection of
HDAg was done similarly to the method described previ-
ously (23). In brief, proteins blotted onto nitrocellulose
paper or Immobilon-p transfer membranes were blocked
with 5% nonfat milk in PBS for 60 min and then incubated
with primary antibody (human convalescent anti-HDAg-
positive antisera or guinea pig or rabbit antipeptide antisera
diluted 1:250 to 1:1,000) for 1 h at room temperature. After
three washes in PBS, blots were incubated with a horserad-
ish peroxidase-conjugated anti-immunoglobulin antibody,
and then washed with PBS. Blots were then either incubated
in TMB (3,3',5,5'-tetramethylbenzidine) substrate buffer or
processed for detection of horseradish peroxidase by en-
hanced chemiluminescence (ECL Western immunoblotting
detection system; Amersham). Antibodies bound to blots
analyzed with the ECL system were removed by incubation
in stripping buffer (100 mM 2-mercaptoethanol, 2% SDS,
62.5 mM Tris-HCI [pH 6.7]) for 30 min at 60°C with occa-
sional agitation. Blots were then washed twice in PBS-T for
10 min at room temperature and reprobed with an alternative
primary antibody as described above.

HDV RNA detection. HDV RNA was detected in gradient
fractions by slot-blot hybridization with probes consisting of
genomic- and antigenomic-sense synthetic RNAs (bases 486
to 1426) transcribed from the plasmid pGEM®. pGEM®
contains the small EcoRI fragment of pd4 (24) ligated into the
multiple cloning site of pPGEM-3Zf(+) (Promega). For prep-
aration of RNA probes, pGEM® was linearized by either
Sacl (genomic sense) or Apal (antigenomic sense), and the
3’ overhangs were repaired with the Klenow fragment of
Escherichia coli DNA polymerase. Runoff 32P-labelled RNA
transcripts were synthesized under direction of T7 (genomic
sense) or SP6 (antigenomic sense) RNA polymerases by
standard protocols (Promega). For preparation of blots,
aliquots (30 pl) of sucrose gradient fractions were incubated
with 150 pl of lysing buffer (0.2 M NaCl, 2.0% SDS, 50 mM
Tris [pH 7.4], with proteinase K [50 pg/ml] and RNasin [500
U/ml}) for 30 min at 37°C and added to 250 pl of blotting
buffer (14% formaldehyde, 7.5x SSC [1x SSC is 0.15 M
NaCl plus 0.015 M sodium citrate]). The mixture was
brought to 65°C for 45 min before vacuum blotting onto
nitrocellulose paper. Blots were baked for 2 h at 80°C and
prehybridized for 4 h at 60°C in a buffer containing 40%
formamide, 5x SSC, 0.05 M sodium phosphate (pH 6.5),
0.01% SDS, and 8x Denhardt’s solution, as described by
Negro et al. (13). Hybridization was done at 60°C for 12 h in
the same buffer containing RNA probes at a concentration of
2 x 10° cpm/ml. Blots were subsequently washed three times
in 400 ml of high-salt washing buffer (2x SSC, 0.1% SDS) at
room temperature and once at 75°C; this was followed by
three washes in 400 ml of low-salt buffer (0.1x SSC, 0.1%
SDS) at 75°C (15 min per wash). Autoradiographic (Kodak
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FIG. 1. Immunoprecipitation of HDAg present in liver extracts
with rabbit antibodies to synthetic HDAg peptides. Immunoprecip-
itated HDAg was separated by SDS-PAGE, transferred to nitrocel-
lulose paper, and detected with radiolabelled polyclonal human
anti-HDAg antibodies. Antipeptide antibodies were D5/156-184
(lane 1), D5/197-211 (lane 2), or an unrelated hepatitis A virus
peptide (lane 3).

XAR-5 film) exposure was for 15 h at —70°C with an
intensifying screen.

PEPSCAN analysis of antipeptide antibodies. Overlapping
hexapeptides spanning the entire HDAg molecule were
synthesized on polyethylene pins with materials purchased
from Cambridge Research Biochemicals, Inc. (Valley
Stream, N.Y.) as previously described (23). Oligopeptide-
bearing pins were blocked by incubation for 1 h at room
temperature in microtiter plates containing 200 pl of block-
ing buffer (1% ovalbumin, 1% bovine serum albumin, 1%
Tween 20 in PBS) per well. Pins were then transferred to a
microtiter plate containing 175 pl per well of guinea pig
antipeptide serum diluted 1:1,000 in blocking buffer. After
incubation at 4°C for 18 h, pins were subjected to three
cycles of washing in PBS-T (10 min per cycle with agitation),
transferred to wells containing horseradish peroxidase-con-
jugated rabbit anti-guinea pig immunoglobulins (Dako) di-
luted 1:2,000 in blocking buffer, and incubated for 60 min at
room temperature. After further washing steps, pins were
placed in microtiter wells containing 150 pl of freshly pre-
pared substrate solution (23) and held at room temperature in
the dark for 30 min. Color development was stopped by
removal of the pins, and the A,,5; was determined immedi-
ately in an automated enzyme-linked immunosorbent assay
plate reader.

RESULTS

Immunoprecipitation of HDAg with antipeptide antisera.
We previously demonstrated that antisera raised in guinea
pigs to a peptide representing residues 156 to 184 (peptide
D5/156-184 [Table 1]) recognized both small (p24®) and large
(p27°) forms of HDAg in immunoblots of antigen extracted
from infected woodchuck liver. In contrast, antisera raised
against a synthetic peptide representing residues 197 to 211
of the large HDAg ORF (peptide D5/197-211) recognized
only p27° (22). This finding is consistent with the expression
of p27® occurring as a result of mutation of codon 196 from
UAG to UGG (10). However, although anti-D5/197-211
reacted only with p27® in immunoblots, p24® was the pre-
dominant species of HDAg present in liver extracts that was
precipitated by this antibody in immunoprecipitation exper-
iments (Fig. 1). Smaller, carboxy-terminally truncated
HDAg (22) species were also precipitated. This ﬁndin%
indicates that p27° forms heterologous complexes with p24
as well as smaller species of HDAg (22) present in antigen
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FIG. 2. Immunoblot analysis of glutaraldehyde cross-linked
HDAg. The source of HDAg in panel A was HDV-infected wood-
chuck serum, while the source of HDAg in panel B was woodchuck
liver. In each panel, lane 1 contains control antigen which was not
cross-linked with glutaraldehyde. Other lanes were loaded with
HDAg treated with 0.05% glutaraldehyde for 2 min (lane 2) or 5 min
(lane 3). Cross-linking reactions were stopped by the addition of an
equal volume of 2x Laemmli sample buffer and then boiling for 5
min before SDS-12% PAGE and subsequent transfer to nitrocellu-
lose paper. HDAg was detected with radiolabelled human poly-
clonal anti-HDAg.

extracted from infected woodchuck liver under denaturing-
renaturing conditions.

Detection of HDAg dimers in woodchuck liver and serum.
To demonstrate the presence of dimeric HDAg, we sub-
jected nonpurified antigens extracted from the liver and
serum of infected woodchucks to cross-linking by glutaral-
dehyde and then SDS-PAGE and transfer to nitrocellulose
paper for immunoblot analysis (Fig. 2). After either a 2- or
5-min exposure to glutaraldehyde, the intensity of both p24®
and p27° bands in lanes containing serum-derived HDAg was
reduced, and a new HDAg band, migrating with an approx-
imate molecular mass of 43 kDa, became evident (Fig. 2A,
lanes 2 and 3). A similar pattern was noted in lanes contain-
ing antigen extracted from woodchuck liver (Fig. 2B, lanes 2
and 3). As the serum and particularly the liver-derived
antigens analyzed in Fig. 2 were crude preparations contain-
ing many host proteins, the presence of high-molecular-
weight cross-linked forms of relatively discrete size is indic-
ative of the presence of specific complexes. Although there
is a difference in the intensity of the blots shown in Fig. 2A
and B, the high-molecular-weight cross-linked HDAg prod-
ucts derived from liver appeared to form a somewhat
broader band in SDS-PAGE (Fig. 2B, lane 2 and 3). This
suggests a degree of heterogeneity in the size of cross-linked
liver-derived HDAg molecules, which would be consistent
with the results of immunoprecipitation studies which indi-
cated that p27® forms heterologous complexes with p24® and
other smaller antigen species (Fig. 1). These data thus
indicate that HDAg is present as dimers in vivo and that
these dimers are present in circulating virus particles, as well
as in extracts of infected liver tissue which has been sub-
jected to denaturation-renaturation.

Detection of specific multimeric HDAg aggregates. To de-
termine whether HDAg forms larger, multimeric aggregates,
we subjected the liver-derived antigen to rate-zonal ultracen-
trifugation through linear 10 to 30% sucrose density gradi-
ents (Fig. 3). HDAg was detected in gradient fractions by a
solid-phase radioimmunoassay utilizing *>°I-labeled human
polyclonal IgG anti-HDAg as a detector antibody. The
sedimentation coefficient of HDAg was estimated by com-
parison with the sedimentation of 19S IgM and 7S IgG
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FIG. 3. Rate-zonal 10 to 30% linear sucrose gradients containing
HDAg extracted from liver tissue in the presence of 4.5 M guanidine
HCI and then dialyzed against PBS. Each gradient was centrifuged
for 18 h at 35,000 rpm in an SW41 rotor. Fractions were collected
from the bottom of the gradient and tested for HDAg by radioim-
munoassay. (A) Gradient loaded with HDAg; (B) parallel gradient in
which the HDAg was digested with RNase A before centrifugation;
(C) third gradient loaded with HDAg which had been boiled for 5
min in Laemmli sample buffer. Arrows show the position of 19S IgM
and 7S IgG within these gradients.

markers present in the same gradient. Under these condi-
tions, the sedimentation coefficient of the major HDAg peak
was approximately 15S (Fig. 3A). Because HDAg is known
to have RNA binding properties (4, 9), we considered the
possibility that this relatively high sedimentation rate might
have been due to the association of HDAg with RNA. To
evaluate this possibility, liver-derived HDAg was digested
with RNase A (10 U/ml for 30 min at 30°C) before rate-zonal
centrifugation (Fig. 3B). After RNase treatment, the sedi-
mentation coefficient of the major HDAg was significantly
lower (approximately 12S), but still much higher than that
expected for monomer HDAg. Thus, the high-molecular-
weight 15S HDAg aggregates were associated with RNA,
but removal of the RNA by RNase digestion resulted in only
a minimal decrease in the sedimentation velocity of HDAg in
sucrose gradients. Similar experiments demonstrated that
the high-molecular-weight 15S HDAg complex was stable in
the presence of 0.6 or 1.2% NP-40 (data not shown). To
determine the sedimentation rate of HDAg monomers, the
liver-derived HDAg was boiled for 5 min in Laemmli sample
buffer before rate-zonal centrifugation. Under these condi-
tions, the peak HDAg activity had a sedimentation coeffi-
cient of approximately 3S (Fig. 3C).

When fractions from the sucrose gradient shown in Fig.
3B were subjected to SDS-PAGE and silver staining, numer-
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FIG. 4. Immunoblot analysis of HDAg present in fractions of a
sucrose gradient loaded with RNase A-digested HDAg (fractions 10
to 19 of the gradient shown in Fig. 3B) (left panel) and a parallel
gradient containing HDAg boiled for 5 min in Laemmli sample buffer
(fractions 18 to 27 of the gradient shown in Fig. 3C) (right panel).
HDAg was detected with a mixture of guinea pig anti-D5/58-78,
anti-D5/82-102, and anti-D5/123-143 antibodies; this was followed by
application of a peroxidase-conjugated, anti-immunoglobulin anti-
body which was detected by an enhanced chemiluminescence
system.

ous host cell proteins were present in fractions 21 to 28, but
no protein bands were observed in fractions below fraction
20 (data not shown). These data suggest that the high-
molecular-weight 12S HDAg which was present in fractions
12 to 18 of this gradient represents specific HDAg multimers.
Selected fractions from the gradients shown in Fig. 3B and C
were subjected to SDS-PAGE and then immunoblot detec-
tion of HDAg with enhanced chemiluminescence (Fig. 4).
Although p24® was present in the 12S multimeric HDAg
complexes, the results of these experiments indicated that
the dominant species of HDAg in the complexes was one of
about 22.5 kDa. This small HDAg species corresponds to a
carboxy-terminally truncated molecule terminating between
residues 156 and 170, which is present in the nonpurified
liver extract (22).

Virion RNA associated with HDAg multimeric complexes.
The shift in the location of multimeric HDAg within sucrose
gradients after digestion with RNase A indicated that the
multimers were associated with RNA (Fig. 3A and B). To
determine whether this RNA might be related to HDV RNA,
we subjected fractions from the gradients shown in Fig. 3A
and B to slot-blot hybridization with probes which were
specific for genomic or antigenomic strands of HDV RNA.
Autoradiograms of these blots were analyzed in a laser
densitometer (Fig. 5). In the gradient loaded with undigested
HDAg (Fig. 3A), genomic HDV RNA was found to cosedi-
ment with multimeric complexes of HDAg (Fig. 5). In
contrast, antigenomic RNA was present in the greatest
concentrations near the bottom of the gradient. No HDV
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FIG. 5. Genomic (@——@®) and antigenomic (O----O) HDV RNA
present in fractions from the gradient shown in Fig. 3A. The results
shown represent laser densitometry readings of autoradiograms of
RNA-RNA slot-blot hybridizations, done on separate blots with
strand-specific probes.
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RNA was detected with either probe in the gradient loaded
with HDAg that had been digested with RNase A (data not
shown). These data suggest that the reduction in the sedi-
mentation rate of the HDAg multimers after digestion with
RNase A might have been due to removal of associated
genomic-sense HDV RNA. However, in the gradient loaded
with denatured HDAg complexes (Fig. 3C), both genomic
and antigenomic RNAs were located in the top fractions of
the gradient, suggesting that the RNA was largely degraded.
Consistent with this interpretation, attempts to further char-
acterize the RNA by Northern (RNA) analysis failed to
identify a specific RNA band (data not shown).

HDAg multimers assemble after removal of guanidine HCI
by dialysis. Because the HDAg that we studied in these
experiments was extracted from liver tissue under denatur-
ing conditions, we suspected that the multimeric complexes
demonstrated in the rate-zonal sucrose gradients might have
assembled during removal of the guanidine by dialysis
against a nondenaturing buffer. Alternatively, HDAg com-
plexes present in the liver might have resisted denaturation
in 4.5 M guanidine. To distinguish between these two
possibilities, a liver homogenate prepared in guanidine was
loaded directly onto a sucrose gradient containing 4 M
guanidine. A parallel gradient was loaded with HDAg mono-
mers prepared by boiling the liver extract for 8 min in
Laemmli sample buffer. Gradients were centrifuged for 21 h,
and individual gradient fractions were dialyzed overnight
against PBS before assay for HDAg by radioimmunoassay.
HDAg in both gradients demonstrated a sedimentation rate
characteristic of monomer HDAg (data not shown). Dialysis
of the liver extract against PBS before rate-zonal centrifu-
gation resulted in the presence of multimeric complexes
similar to those shown in Fig. 3 (data not shown). Thus, large
HDAg multimers are unstable in the presence of guanidine
and assemble after the removal of guanidine by dialysis.

Role of disulfide bonds in formation of multimeric HDAg
complexes. Available sequences of the HDAg ORF show the
presence of a single conserved Cys residue, Cys-211, at
position 4 from the carboxy terminus of p27°. To ascertain
whether disulfide bonds involving this Cys residue might
play a role in forming multimers or dimers, we performed
immunoblots of liver-derived antigen after separation by
SDS-PAGE under reducing (1% 2-mercaptoethanol) or
nonreducing conditions. The migration of p27® was similar
under both conditions, suggesting that disulfide bonds are
not important for formation of the multimeric HDAg com-
plex (data not shown). This is consistent with recently
published evidence that Cys-211 is prenylated (6).

Partial localization of an HDAg dimerization domain. Gua-
nidine HCl-denatured HDAg, extracted from infected wood-
chuck liver and dialyzed against PBS, is sensitive to diges-
tion with chymotrypsin (Fig. 6). Digestion with increasing
concentrations of the protease for 30 min at 37°C resulted in
progressively smaller digestion products. At the minimum
effective chymotrypsin concentration (5 pg/ml), multiple
HDAg species of different size were reduced to a single
unique HDAg polypeptide having an apparent molecular
mass of 12.5 kDa and reacting with antibodies to peptide
D5/58-78 (Fig. 6, lane 2) and peptide D5/82-102 (data not
shown) (Table 1). With increased concentrations of chymo-
trypsin (50 and 500 pg/ml), this polypeptide fragment was
further digested to progressively smaller polypeptides (ap-
parent molecular masses of approximately 10.5 and 10.0
kDa) (Fig. 6, lanes 3 and 4, respectively). These smaller
polypeptide fragments still reacted with anti-D5/58-78, but
were no longer reactive with antibody to D5/82-102 (Fig. 7,
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FIG. 6. Immunoblot analysis of chymotrypsin-digested HDAg.
Chymotrypsin-digested liver-derived HDAg was separated by SDS-
15% PAGE and transferred to Immobilon-p transfer membranes for
detection of HDAg with guinea pig anti-D5/58-78 antibody. HDAg
was digested for 30 min at 37°C at a chymotrypsin concentration of
0.5 pg/ml (lane 1), 5.0 pg/ml (lane 2), 50 pg/ml (lane 3), or 500 pg/ml
(lane 4). Undigested antigen is shown in lane 5.

compare lanes Al and Bl in panels b and c). Thus, these
small digestion products do not contain an epitope represent-
ing residues 81 to 86, the minimum peptide segment located
at the amino end of the peptide sequences recognized by the
guinea pig anti-D5/82-102 in PEPSCAN analysis of hexamer
peptides (Fig. 8). From these data, it can be deduced that the
carboxy termini of the 10.0- and 10.5-kDa polypeptides do
not extend beyond residue 85. Similar PEPSCAN analysis of
guinea pig anti-D5/58-78 suggested that the carboxy termini
of these chymotrypsin digestion fragments both extend
beyond residue 68, as the hexapeptide 64 to 69 is the minimal
amino-terminal peptide segment recognized by anti-D5/58-78
(Fig. 8). Between residues 69 and 85, possible chymotrypsin
cleavage sites (at these high protease concentrations) include
leucine, isoleucine, or methionine residues at positions 74,
76, 79, and 81 (Fig. 8). These results are thus consistent with
the carboxy terminus of the 10.0-kDa peptide being located
between Leu-74 and Met-79, and that of the 10.5-kDa
molecule being located between Met-76 and Ile-81. The
carboxy terminus of the 12.5 kDa fragment is likely to be at
Phe-94 or Leu-90. Because antibody to a peptide represent-
ing the extreme amino terminus of HDAg (anti-D5/2-17) does
not react with native or denatured HDAg (23), it was not
possible to similarly map the amino termini of these diges-
tion products. However, the apparent molecular masses of
these polypeptide fragments suggested that the amino termi-
nus of each was at or near the amino terminus of the
full-length HDAg molecule.

Because the 10.0- and 10.5-kDa chymotrypsin digestion
products contain a leucine zipper-like motif present between
residues 27 and 58 of the intact protein (8), we were
interested in determining whether either of these small
HDAg fragments was capable of forming specific dimers. A
crude liver extract containing HDAg was thus digested with
chymotrypsin at concentrations of 500, 50, and 5 pg/ml. The
products of each chymotrypsin digestion reaction were
treated with 0.4% glutaraldehyde and then subjected to
SDS-PAGE and immunoblotting against human polyclonal
anti-HDV (Fig. 7a), guinea pig anti-D5/58-78 (Fig. 7b), or
guinea pig anti-D5/82-102 (Fig. 7c). The concentration of
protein in the liver extract was slightly higher than that in the
digestion experiment shown in Fig. 6. However, as before,
only the 10.0-kDa fragment was detected by polyclonal
human convalescent antibodies after digestion with 500 pg of
chymotrypsin per ml (Fig. 7a, lane Al). This product was no
longer detectable after glutaraldehyde treatment (Fig. 7a,



VoL. 67, 1993

N

(3]
n
N

N

ol

MULTIMERS OF HEPATITIS DELTA ANTIGEN 451

g et B o
N
-

C D A B
1 .2 '3 {0 23 C 1 2 3 1

. - —_—

. "'

FIG. 7. Dimerization of chymotrypsin-digested HDAg, demonstrated by glutaraldehyde cross-linkage and then SDS-PAGE and immu-
noblot detection of antigen with polyclonal human antibody (a), guinea pig anti-D5/58-78 (b), or guinea pig anti-D5/82-102 (c). Liver-derived
HDAg was digested for 30 min at 37°C with chymotrypsin at a concentration of 500 pg/ml (lanes Al to A3), 50 pg/ml (lanes B1 to B3), or §
pg/ml (lanes C1 to C3). Nondigested HDAg is shown in lanes D1 to D3. Proteins present in aliquots of each protease digestion reaction and
in the nondigested liver extract were cross-linked in the presence of 0.4% glutaraldehyde for 2 min (lanes 2) or 5 min (lanes 3). The material
in all lanes 1 was not cross-linked with glutaraldehyde. Products were separated by SDS-15% PAGE, transferred to Immobilon-p transfer
membranes, and probed with the indicated antibodies. Final detection of peroxidase-conjugated antibody was by the enhanced chemilumi-
nescence system. Panels a and c represent the same blot, with panel ¢ probed after removal of the antibody shown in panel a, as described

in Materials and Methods.

lanes A2 and A3), suggesting that the epitopes present in this
polypeptide fragment were destroyed by glutaraldehyde (see
below). With a lesser concentration of chymotrypsin (50
pg/ml), digestion was incomplete but resulted in substantial
amounts of the 10.5-kDa product (Fig. 7a, lane B1). This
product was diminished in quantity after glutaraldehyde
treatment for 2 min, in association with the appearance of a
new HDAg band of approximately 40 kDa (Fig. 7a, lane B2).
This band was not present in lanes containing cross-linked
HDAg which had not been digested with chymotrypsin (Fig.
7a, lanes D2 and D3), suggesting that it contained cross-
linked forms of the 10.5-kDa digestion product (Fig. 7a, lane
BI1).

Because these cross-linking experiments were done with
nonpurified liver extracts, the discrete size of the cross-
linked 40-kDa product indicated that the HDAg digestion
product was cross-linked to a specific molecule(s). The

anti-D5/58-78 anti-D5/82-102
60 70 80 90 100
IGKKDKDGEGAPPAKKLRMDQM
Ad A
12.5 kDa Yes Yes
_—
10.5 kDa Yes
] No
10.0 kDa Yes No
—

FIG. 8. Map showing epitopes recognized by guinea pig antibod-
ies to peptides D5/58-78 and D5/82-102, as determined by their
reactivity with hexapeptides synthesized on polyethylene pins
(PEPSCAN analysis) (23). The open box indicates nested hexamer
oligopeptide sequences recognized by anti-D5/58-78, while the
shaded boxes represent hexapeptides recognized by anti-D5/82-102.
Arrows indicate positions of residues with bulky side chains that
represent potential chymotrypsin cleavage sites; stippled area rep-
resent the limits of the probable carboxy termini of the digestion
products present in Fig. 6. The reactivity of the digestion products
with the two peptide antibodies is summarized in the lower part of
the figure.

apparent mass of the cross-linked complex (40 kDa) was
inconsistent with formation of a simple dimer of the 10.5-
kDa fragment and suggested that it might be a heterodimer or
larger HDAg multimer. The possibility that cross-linked
homodimers of the 10.5-kDa fragment were present but
migrating at approximately the same rate as residual undi-
gested HDAg could not be excluded. Longer exposure of the
50-pg/ml chymotrypsin digestion product to glutaraldehyde
(5 min, Fig. 7a, lane B3) resulted in further reduction of the
amount of the 10.5-kDa product, as well as of the cross-
linked 40-kDa product, and corresponding increases in yet
higher-molecular-weight cross-linked HDAg complexes. In
view of the fact that the carboxy terminus of the 10.5-kDa
chymotrypsin digestion fragment is likely to terminate be-
tween residues 76 and 81 (Fig. 8), these data suggest that a
dimerization domain exists within the amino-terminal 81
residues of HDAg.

To confirm the identity of the 10.0- and 10.5-kDa peptide
fragments, a blot identical to that shown in Fig. 7a was
probed with guinea pig antibodies to peptide D5/58-78 (Fig.
7b), while the blot shown in Fig. 7a was stripped of antibody
and reprobed with guinea pig antibody to peptide D5/82-102
(Fig. 7c). These antipeptide antibodies demonstrated sub-
stantially less sensitivity for the detection of larger forms
of HDAg (including p24® and p27°) than the polyclonal
antibody shown in Fig. 7A. This difference is compatible
with our previous observations that the immunodominant
epitopes recognized by polyclonal antisera lie between res-
idues 156 and 184 of the molecule (23). Nonetheless, anti-
D5/58-78 recognized both non-cross-linked 10.0- and 10.5-
kDa fragments (Fig. 7b, lanes Al and B1). The reactivity of
the D5/58-78 antibody was markedly reduced after only 2
min of exposure of HDAg to glutaraldehyde. This reduction
in antigenicity occurred even with HDAg which had not
been digested with chymotrypsin and which was not cross-
linked by this brief glutaraldehyde treatment (compare the
relative intensities of p24® bands in lanes C2 and D2 of Fig.
7b with the comparable lanes in Fig. 7a). Thus, glutaralde-
hyde treatment substantially damaged the major epitopes
recognized by this antipeptide antibody (residues 64 to 73,
Fig. 8).
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Nonetheless, despite the reduced ability of anti-D5/58-78
to recognize glutaraldehyde-treated HDAg, this antibody
clearly detected a band representing an apparent cross-
linked homodimer of the 10.5-kDa digestion product, as well
as a 40-kDa cross-linked product, after treatment with glut-
araldehyde for 2 min (Fig. 7b, lane B2, arrows). When the
blot was probed with anti-D5/82-102, neither the 10- nor the
10.5-kDa digestion product was visualized, even in the
absence of glutaraldehyde treatment, confirming that neither
digestion fragment extended beyond residue 85 of the pro-
tein (Fig. 8). Neither the 20-kDa nor the 40-kDa cross-linked
product reacted with the D5/82-102 antibody, suggesting that
they did not contain intact HDAg.

DISCUSSION

The p24® and p27° forms of HDAg are expressed from a
single reading frame within the HDV genome, the only
reading frame which is apparently expressed during replica-
tion of this unique animal virus. These proteins play impor-
tant and strikingly different roles in the replication of the
virus, with p24® required for transport of the viral RNA to
the nucleus, where it undergoes replication, and p27® both
acting as a dominant negative regulator of RNA replication
and playing a key role in the assembly of HDV particles (3,
5, 21). In addition, while only p24°® and p27® are detectable in
serum, multiple smaller HDAg species are found in the liver
of HDV-infected woodchucks. These smaller HDAg mole-
cules are carboxy-terminally truncated forms of the protein,
the smallest of which terminates between residues 130 and
160 (22). Recent evidence from our laboratory indicates that
these are degradation products of p27® or p24® (2a). Their
role, if any, in replication of the virus remains obscure.

Previous studies examining the stoichiometry of the dom-
inant negative regulatory effects of p27° on RNA replication
suggested that p27° may function as part of a multimeric
HDAg complex (5). Other investigators have shown that
segments of HDAg translated in vitro from recombinant
cDNA form dimers (8). In addition, Macnaughton et al. (11)
demonstrated large multimeric aggregates of HDAg (approx-
imately 50S) in a stably transfected hepatoma-derived cell
line expressing the small form of the antigen. In this report,
we demonstrate by glutaraldehyde cross-linking that HDAg
is naturally present as dimers in vivo. We showed that
HDAg dimers are present in HDV particles circulating in the
serum, as well as in HDAg extracted under denaturing
conditions from the liver and subsequently renatured by
dialysis against a nondenaturing buffer. Moreover, we dem-
onstrated that large, multimeric complexes involving multi-
ple copies of HDAg proteins are present in this dialyzed liver
extract. These 15S complexes are associated with an as yet
poorly characterized RNA that hybridizes with an antige-
nomic-sense RNA probe. The absence of a detectable band
in attempts at Northern analysis (data not shown) and the
more intense hybridization signal evident in fractions con-
taining somewhat more rapidly sedimentary complexes
(compare fractions 9 to 11 with 13 to 15 in Fig. 3A and 5)
suggest that this RNA may be heterogeneous in size. Fur-
thermore, the fact that the sedimentation rate of the 15S
complexes fell to only 12S with digestion of the RNA
suggests that the associated RNA is very likely to be
subgenomic in size.

The HDAg multimers assembled with removal of guani-
dine from the liver extract. Analysis of the proteins present
in various fractions from sucrose gradients containing these
multimers indicated that they are specific aggregates of
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HDAg, although the participation of another protein(s) in
these complexes cannot be ruled out. The 15S multimers
contain multiple species of HDAg, but are composed pre-
dominantly of a carboxy-terminally truncated p22.5® mole-
cule (Fig. 4). As mentioned above, extracts made from
infected woodchuck liver contain several distinct species of
HDAg molecules which are shorter in length than p24®. We
demonstrated that p24® as well as each of these different
carboxy-terminally truncated HDAg species could be immu-
noprecipitated with an antipegtide antibody (anti D5/197-
211) which was specific for p27° (22) (Fig. 1), a finding which
is consistent with the data shown in Fig. 4. These data thus
indicate that the multimeric complexes assembling after
removal of guanidine are each composed of molecules of
heterologous sizes. The apparent size of the smallest of these
HDAg species suggests that the oligomerization domains
responsible for formation of these complexes are located
within the amino-terminal 130 to 160 residues of the protein
(22). This finding is compatible with the lack of a role for
disulfide bonds involving the conserved Cys-211 residue in
formation of either dimers or multimers.

A small, 10.5-kDa polypeptide fragment produced by
extensive chymotrypsin digestion of liver-derived HDAg
and consisting of most if not all of the amino-terminal 81
residues of the protein retained the ability to form specific
dimers (Fig. 7). This observation is consistent with the role
proposed for a conserved leucine zipper-like motif located
between residues 27 and 58, which has been suggested to be
a possible dimerization domain (8). This domain contains a
3-4 hydrophobic residue repeat pattern, with hydrophobic
residues (mostly leucine and isoleucine) occurring at alter-
nating third and fourth residues (positions a and d) through a
conserved series of three heptad repeats (Fig. 9). This
sequence motif suggests that this region of HDAg forms a
short, parallel coiled coil, similar to the dimerization do-
mains of leucine zippers in the bZIP class of DNA-binding
proteins (16). Consistent with this model of the HDAg
dimerization domain, residues of opposing polarities are
present at positions e and g within adjacent heptads, allow-
ing for the presence of accessory electrostatic interactions
between these residues which would serve to stabilize the
hydrophobic interactions holding the two a-helices within
the parallel coiled-coil structure (Fig. 9).

There are, however, some interesting and novel features
to this proposed dimerization domain. The conserved Asn-
Pro dipeptide sequence occurring at residues 48 and 49
would be predicted to possibly either break the a-helix or
induce a bend in the a carbon chain. This is followed in the
primary sequence by an additional 1.5 heptads containing a
3-4 hydrophobic repeat in the d and g positions (Fig. 9).
Because at least 4 heptad repeats are usually required for a
strong dimerization interaction in parallel coiled coils (16), it
is possible that these additional 1.5 heptads participate in the
dimerization interface. However, the structural impact of
the conserved Pro-49 residue and the subsequent stutter in
the series of 3-4 heptad repeats is uncertain. Interestingly,
similar carboxy-terminal stutters (without a preceding Pro
residue) have been noted in the much longer coiled-coil
dimerization domains of the reovirus cell attachment pro-
tein, ol (15).

The data presented in Fig. 6 suggest that the sensitivity of
HDAGg to cleavage by chymotrypsin is greatest in the middie
and carboxy-terminal regions of HDAg and that the amino-
terminal 75 to 81 residues are relatively resistant to the
protease. This finding is consistent with a multimeric struc-
ture in which the amino-terminal third of the protein is
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FIG. 9. Proposed parallel coiled-coil dimerization interface of
HDAg molecules. (A) Conserved 3-4 hydrophobic repeat pattern
present between residues 27 and 58. Each row represents one
heptad, with residue positions within the heptads labelled a to g. To
the left is the residue number (from the amino terminus of HDAg)
of the first residue in each heptad. Hydrophobic residues inter-
acting with their opposite member in the putative - .2 ceil are
shown in shaded boxes (positions a and d “crore the stutter at
Pro-49, and positions d and g thereafter). kesidues vwit: opposing
charges in positions e and g in adjacent heptads i~_:- . the stutter are
circled and connected with dotted lines. The scutter at Pro-49 is
represented as a downward shift in the scquence of the fourth
heptad. (B) Orientation of the two helices within the paralled
coiled-coil dimerization domain preceding the stutter. The view is
from the amino end of the helices looking downward toward the
carboxy end. The helices are held as dimers through hydrophobic
interactions between residues at a and d, while electrostatic inter-
actions between g’ and e and e’ and g provide addiiional stabilizing
forces (16).

oriented toward the interior, with the carboxy-terminal
regions of the protein oriented toward the exterior of the
complex and thus more accessible to the protease. Such a
hypothetical structure could also explain the relative lack of
antigenicity of the amino terminus of the protein that we (22)
as well as Bergmann and associates (1) have noted previ-
ously. Alternatively, it may be that the involvement of the
coiled-coil domain (residues 28 to 58) within the dimerization
interface protects this region of the protein from protease-
mediated cleavage.

The fact that dimers of HDAg are found within circulating
HDV particles (Fig. 2) indicates that dimerization is likely to
play an important role in particle assembly. It is also possible
that dimerization of the protein is required for interaction
with the viral RNA, as has been shown to be the case with
numerous nucleic acid-binding proteins. If this is the case,
however, the orientation of the dimerization domain (resi-
dues 27 to 58) and the RNA-binding domain located between
residues 79 to 163 (9) is reversed from that of the bZIP
proteins, in which the DNA-binding domain is on the amino
side of the coiled coil. However, the function of the multi-
meric aggregates identified within the infected woodchuck
liver extract is unknown. Thus far, we have been unable to
positively confirm the presence in HDV particles of HDAg
multimers which are stable in the presence of 1.2% NP-40 (as
are the multimers we have identified in the dialyzed liver
extract) (unpublished data). Thus, the involvement of these
multimers in particle assembly is uncertain. An alternative
role in replication or transport of viral RNA remains possi-
ble, particularly in view of the possible association of the
complexes with genomic-sense RNA.
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